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Introduction
Human papillomavirus (HPV) causes cancers of the uterine cervix, oropharynx, anus, vulva, vagina, and penis (1) (2) (3) . These malignancies are difficult to treat and metastatic disease is generally incurable (4) (5) (6) . It is hoped that in the future HPV-associated cancers will be prevented with vaccines and cancer screening, but at the present time they cause more than 7,000 deaths in the United States and hundreds of thousands of deaths around the world each year (7, 8) . Innovative new treatment strategies are urgently needed. Antigen receptor T cell therapy is a novel immunotherapeutic approach that may represent a breakthrough for the treatment of certain cancers (9, 10) . It is based on the administration of T cells that are genetically engineered to express a chimeric antigen receptor (CAR) or T cell receptor (TCR) that targets a tumor antigen (11, 12) . CAR T cells directed against CD19 have demonstrated remarkable clinical activity in B cell malignancies (13) (14) (15) (16) . Tumor responses have also been reported for TCR T cells targeting cancer/testis antigen 1 in melanoma and synovial cell sarcoma (17) . However, clinical development of antigen receptor T cell therapy for other solid tumors has been limited in large part by on-target, off-tumor toxicities (18) (19) (20) . Advances in the treatment of solid tumors may depend on the discovery and development of receptors that target antigens that are consistently and highly expressed by tumors but are not expressed by healthy tissues (21) .
The high-risk HPV E6 and E7 oncoproteins are viral antigens that are constitutively expressed by HPV-associated cancers but not expressed by healthy tissues (1). They contribute not only to malignant transformation but also to survival of transformed cells, making them particularly attractive therapeutic targets (9, 22, 23) . However, there are conflicting rationale to support or refute whether these antigens might be effectively targeted with cancer immunotherapy. T cell targeting of tumor cells that express these antigens may be undermined by complex mechanisms of evasion, including antigen "disguise" by sequence similarity with human proteins (24) , interference with antigen processing and presentation (25) , dysregulation of cytokine and chemokine pathways (26, 27) , and a hostile tumor microenvironment (28, 29) . T cells that are specific for the HPV oncoproteins frequently infiltrate HPV-associated cancers but nonetheless fail T cell receptor (TCR) T cell therapy is a promising cancer treatment modality. However, its successful development for epithelial cancers may depend on the identification of high-avidity TCRs directed against tumor-restricted target antigens. The human papillomavirus (HPV) E7 antigen is an attractive therapeutic target that is constitutively expressed by HPV + cancers but not by healthy tissues. It is unknown if genetically engineered TCR T cells that target E7 can mediate regression of HPV + cancers. We identified an HPV-16 E7-specific, HLA-A*02:01-restricted TCR from a uterine cervix biopsy from a woman with cervical intraepithelial neoplasia. This TCR demonstrated high functional avidity, with CD8 coreceptor-independent tumor targeting. Human T cells transduced to express the TCR specifically recognized and killed HPV-16 + cervical and oropharyngeal cancer cell lines and mediated regression of established HPV-16 + human cervical cancer tumors in a mouse model. These findings support the therapeutic potential of this approach and established the basis for an E7 TCR gene therapy clinical trial in patients with metastatic HPV + cancers (NCT02858310).
to control the disease (30, 31) . In addition, oncoprotein-directed vaccine therapy has been unsuccessful in patients with metastatic HPV + cancers (32-35). Despite these findings, some data suggest that HPV + cancers may be targetable with T cell therapy (36, 37) . Adoptive transfer of tumor-infiltrating T cells (TILs) can induce complete regression of metastatic cervical cancer (36, 37) . In addition, T cells that target E6 with a high-avidity TCR can recognize and kill HPV-16 + tumor cell lines in vitro (38) . We sought to identify a TCR that specifically targeted HPV-16 E7 and to determine if T cells genetically engineered to express this TCR could overcome the evasive forces of human HPV + tumors to engage and kill tumor cell lines in vitro and to mediate regression of established tumors in vivo.
HPV-16 is the most common oncogenic HPV type in humans. It accounts for approximately 65, 70, and 90 percent of cervical, oropharyngeal, and anal cancers, respectively (39) . HLA-A*02:01 is the most common class I allele in the United States, expressed in approximately 40-50 percent of people of European descent (40) . HPV-16 E7 may be a more desirable target than HPV-16 E6, as it demonstrates less sequence variation and it harbors an epitope with greater HLA-A*02:01-binding affinity than any known epitope from E6 (41) . In prior research, we had screened TILs from HLA-A*02:01 + patients with metastatic HPV-16 + cancers and failed to identify an HLA-A*02:01-restricted, E7-specific TCR. We speculated that patients who develop advanced HPV + cancers may possess inherently weak TIL responses against the HPV-16 oncoproteins and that samples from these patients may not be optimal for discovery of HPV-specific TCRs. Therefore, we turned our attention instead to the study of cervix-infiltrating lymphocytes (CILs) from patients with HPV-16 + cervical intraepithelial neoplasia II/III.
Results

Discovery of a high-avidity HLA-A*02:01-restricted TCR that targets HPV-16 E7.
Cryopreserved CILs from 10 patients were expanded and tested for HPV-16 E6 or E7 reactivity with an IFN-γ production assay. CILs from a single patient (patient 5048) demonstrated specific recognition of E7 ( Figure 1A ). Patient 5048 was determined by the NIH Clinical Center HLA Laboratory to express the HLA-A*02:01 allele. The E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] epitope of E7 has been reported to be naturally processed and presented by the HLA-A*02:01 molecule based on study of tumor cells with peptide elution and mass spectroscopy (41) . To determine if a population of T cells in CILs from patient 5048 (5048 CILs) targeted the HLA-A*02:01-E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] peptide-major histocompatibility (p-MHC) complex, we analyzed 5048 CIL binding to fluorescently labeled HLA-A*02:01-E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] tetramers by flow cytometry. A CD8 + T cell population that comprised 5 percent of 5048 CILs showed tetramer binding ( Figure 1B) . A T cell clone with high tetramer binding was isolated, and the TCR α chain and β chain nucleotide sequences were determined as described in the Methods. An MSGV1 retroviral vector for expression of the TCR chains was constructed. The TCR constant regions were exchanged for their mouse counterparts, which generally improves pairing of the α and β chains (42, 43) . The initial vector was designed with the α chain, followed by a furin-P2A linker, followed by the β chain. T cells that were transduced with this vector displayed expression of the TCR β chain ( Figure 1C) . However, about half of the β chain-expressing T cells failed to bind HLA-A*02:01-E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] tetramers ( Figure 1C) .
We speculated that in some T cells the introduced TCR α and β chains were not pairing properly to form functional receptors with HLA-A*02:01-E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] specificity. We tested if tetramer binding was improved by (a) reversal of the α and β chain order, (b) addition of an interchain disulfide bond (44) , or (c) hydrophobic substitutions to the α chain transmembrane region (45) (Figure 1C ). Each of these modifications increased the frequency of TCR β chain-expressing T cells that bound to p-MHC tetramers ( Figure 1C) . We selected the construct with the β-α chain order, added disulfide bond, and hydrophobic substitutions (referred to herein as the E7 TCR) as our lead candidate for further testing, as this construct showed the lowest frequency of transduced T cells (TCR β chain + and E7 + lines) by E7 TCR T cells, as measured by IFN-γ production, was inhibited by antibody blockade of HLA class I but not HLA class II molecules, which indicated that target recognition was class I restricted ( Figure 2A ). The target antigen and restriction element were more specifically interrogated in an experiment with 293 cells as targets. These target cells were recognized by E7 TCR T cells only if they expressed both the HLA-A*02:01 molecule and either the E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] peptide or the full-length E7 protein ( Figure 2B ). These data indicated that the E7 TCR recognized the E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] epitope in an HLA-A*02:01-restricted fashion. The ability of E7 TCR T cells to specifically recognize and mediate effector functions in response to HPV-16 + tumor cell lines was evaluated with cytokine production and T cell cytotoxicity assays. E7 TCR T cells showed production of IFN-γ ( Figure 2C ) and TNF-α ( Figure 2D ) in response to each of the HLA-A*02:01 + HPV-16 + tumor cell lines tested. The cell lines that were recognized included CaSki (a cervical cancer cell line that has been previously reported to evade T cell recognition through defects in MHC complex class I, transporter proteins associated with antigen-processing molecules, and proteasome subunits) (28) and SCC 90 and SCC152 (two head and neck cancer cell lines). Tumor lines that lacked either the HLA-A*02:01 restriction element or the E7 target antigen were not recognized ( Figure 2 , C and D). The ability of E7 TCR T cells to kill tumor cells was assessed with a real-time impedance-based cytolysis assay (46) (Figure 2E ). Each of the target cell lines that expressed HLA-A*02:01 and E7 were killed at a low effector-to-target ratio, including two cervical cancer cell lines (4050 and CaSki) and two head and neck cancer lines (SCC90 and SCC152) ( Figure 2E , top). Tumor cell lines that did not express the HLA-A*02:01 molecule or the HPV-16 E7 molecule were not killed ( Figure 2E , bottom). These results demonstrated that E7 TCR T cells could specifically engage and mediate T cell effector functions against HPV-16 + tumor lines. E7 TCR T cell cross-reactivity against epitopes of human proteins was weak to absent. The human TCR repertoire demonstrates inherent cross-reactivity that permits an estimated 10 8 unique TCRs to provide recognition of greater than 10 15 potential peptides. In certain TCR gene-engineered T cell clinical trials, TCR cross-reactivity has resulted in unintended targeting of healthy human tissues and severe toxicities (18, 20, 47) . To assess E7 TCR T cells for cross-reactivity, we first identified by alanine scanning the residues of the E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] peptide that mediate recognition of that peptide by the E7 TCR ( Figure 3A ). Alanine substitutions at positions 2, 4, 5, 6, and 7 reduced the recognition of E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] by the E7 TCR, which suggested that those amino acid residues contribute to the E7 TCR recognition of a target peptide. A BLAST search was performed to identify human peptides that share E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] residues at positions 4-7 and that possess an HLA-A*02:01 anchor-binding residue at the anchor position 2 (L, M, T, or A) and the anchor position 9 (V, I, L, T, or A) (48) . Six human peptides were identified. No reactivity against these peptides was detected ( Figure 3B ). To expand the cross-reactivity testing, a BLAST search was conducted to identify human peptides with similar sequences. A cutoff of either 6 residues identical to E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] or 5 residues identical plus 1 conservative replacement was used. Nineteen candidate peptides were found. An initial screen for E7 TCR T cell reactivity against these peptides was performed using a high concentration of peptide (1 μg/ml) loaded onto T2 cells ( Figure 3C ). Six of the nineteen peptides displayed possible weak recognition. A second assay was performed using target cells that were loaded with titrated concentrations of peptide ( Figure 3D ). Targets with peptides at less than 100 ng/ml (still far above physiological levels) were not recognized, while recognition of the E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] peptide remained strong. These findings indicated weak to absent cross-reactivity of the E7 TCR against the epitopes of human peptides that were identified.
The E7 TCR displays high functional avidity. We assessed the functional avidity and the p-MHC monomer dissociation rate constant (K off rate) for the E7 TCR. Comparison was made to a previously described TCR that targets an HLA-A*02:01-restricted epitope of HPV-16 E6 (38) . In a functional avidity assay, E7 TCR T cells recognized cognate peptide at lower concentrations than E6 TCR T cells (P < 0.001) ( Figure 4A ). E7 TCR T cells demonstrated IFN-γ release against cognate peptide at concentrations as low as 10 picomoles, whereas E6 TCR T cells demonstrated IFN-γ release against cognate peptide at concentrations as low as 100 picomoles. As a second measure of avidity, the p-MHC monomer K off rate for each TCR was determined (49, 50) (Figure 4 , B and C). The t ½ for the E7 TCR was 254 seconds and that for the E6 TCR was 49 seconds (E7 versus E6, P < 0.001) ( Figure 4C ). These findings indicated that the E7 TCR T cells possessed higher avidity for cognate peptide than E6 TCR T cells.
The ability of the E6 or E7 TCRs to mediate T cell engagement with and effector function against tumor cells was compared in functional assays in which either CD4 T cells or CD8 T cells were transduced to express each TCR. In CD4 T cells, the E7 TCR mediated greater IFN-γ production against all target cells that expressed cognate antigen (CaSki [P < 0.0001], 4050 [P < 0.0001], and SCC152 [P = 0.0121]) ( Figure  4D ). In CD8 T cells, the E7 TCR mediated significantly greater IFN-γ production against CaSki cells (P = 0.0001) but not against the other target cell lines ( Figure 4E ). E6 and E7 TCR-mediated killing of tumor cell lines was assessed by a real-time impedance-based cytolysis assay. The E6 TCR and the E7 TCR mediated CD4 and CD8 T cell killing of the 4050 tumor cell line. Neither receptor mediated killing of CaSki cells by CD4 T cells, and only the E7 TCR mediated killing of CaSki cells by CD8 T cells ( Figure 4F ). Overall, these findings indicated that the E7 TCR mediated equal or greater tumor recognition and T cell effector function than the E6 TCR, albeit with some variability depending on the target cells. Greater killing of 4050 cells compared with CaSki cells was a consistent finding that may be related to the greater expression of E7 and HLA-A*02:01 by 4050 (Supplemental Figure 2 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.99488DS1) or to described defects in antigen processing and 
Discussion
Here, we describe the discovery of a method to target the constitutively expressed viral oncoprotein, E7, with therapeutic T cells for the treatment of HPV-16-associated epithelial cancers. E7 TCR T cells displayed high avidity for target epitope and no perceptible cross-reactivity against human peptides with similar sequence or TCR-binding residues. In vitro, E7 TCR T cells demonstrated effector T cell [11] [12] [13] [14] [15] [16] [17] [18] [19] . Position 2 also affected recognition, presumably due to its role as an HLA-A*02:01 anchor. A BLAST search was conducted to identify human peptides that share these 4 amino acids at the same positions and an HLA-A*02:01 anchor residue at positions 2 (L, M, T, or A) and 9 (V, I, L, T, or A) (48) . E7 TCR T cells were tested for reactivity against T2 cells loaded with each of these peptides at the concentration indicated. (C) E7 TCR T cells were tested for recognition of a panel of human peptides that share either 6 residues or 5 residues plus a conservative substitution with E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] . Target cells were loaded with 1 μg/ml peptide. (D) E7 TCR T cells were retested for reactivity against peptides identified as possibly reactive in C. The peptide concentrations are indicated.
functions, including IFN-γ production and tumor cell killing. Multiple head and neck and cervical cancer cells lines were recognized; no cell lines that expressed the targeted peptide-MHC complex were not recognized. In vivo, E7 TCR T cells mediated complete regression of established subcutaneous 4050 tumors and repressed the growth of CaSki tumors in an NSG model. This antitumor activity was observed in the absence of adjuvant therapy (i.e., a vaccine, cytokine, Toll-like receptor agonist, agonistic antibody, or checkpoint inhibitor); at some doses, it was enhanced by the addition of systemic IL-2. The xenograft model in these experiments has limitations, including that it does not recapitulate elements of the human tumor microenvironment, such as the presence of immunosuppressive cells. Another limitation is that the implanted subcutaneous tumors may not reproduce the trafficking requirements for T cells in humans, which would need to migrate to metastatic tumor sites throughout the patient. Nonetheless, these data provide preclinical support for the now-active first-in-human clinical trial of E7 TCR T cells for HPV-16 + epithelial cancers (NCT02858310). Despite the promise of engineered T cell therapy in hematological malignancies, the approach has achieved limited progress in epithelial cancers (11) . One constraint may be the difficulty in identifying and targeting viable tumor antigens that are highly expressed and isolated to tumor cells (21) . The HPV E7 oncoprotein appears to be an ideal target, as it demonstrates (a) high-level, uniform expression by tumors; (b) no expression by vital healthy tissues; (c) functional importance to tumor cells (i.e., promotes tumor cell growth and/or survival); and (d) shared expression between the tumors of different patients. The sequence of E7 varies between HPV types, and the E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] epitope targeted in this study is not shared with other HPV types, therefore cross-reactivity against tissues that are infected with another HPV type is unlikely. Targeting of an antigen such as E7 may be important for establishing proof of principle for engineered T cell therapy in an epithelial cancer. In addition, it may help establish a model of adoptive T cell therapy in human cancer in which toxicity to healthy tissues is not limiting and the mechanisms that control the efficacy of this type of treatment can be studied.
The preclinical assessment of the toxicity of TCR gene-engineered T cells has been challenging (21) . Because TCRs target peptide-HLA complexes, and HLA molecules are exclusive to humans, the toxicity of TCR-based treatments can only be studied reliably in humans. Toxicity studies in HLA-transgenic mice are unlikely to be informative because differences in the proteome of mice and humans would greatly confound interpretation. Hence, there is presently no relevant species for toxicity studies in TCR T cell therapy. Instead, toxicity testing primarily consists of evaluation of human tissues for the target antigen and of in vitro probing of the TCR for cross-reactivity against human peptides. E7 is not encoded by the human genome and is expressed only by infected human cells or HPV-induced cancers, which makes its expression by healthy tissues highly unlikely. The theoretical safety of the E7 TCR is also favorable because it is derived from a human and has native complementarity-determining regions (CDRs). Because the TCR was subjected to human thymic selection, it is unlikely to possess high-affinity cross-reactivity against epitopes of human proteins. This contrasts with TCRs of human or murine origin that have been subjected to affinity enhancement through CDR modifications and that have unexpectedly targeted healthy human tissues (14, 20, 51) . To further interrogate the E7 TCR for cross-reactivity, we performed in vitro assays for recognition of human peptides and cross-reactivity was not identified. However, while the theoretical safety profile of E7 TCR T cells is favorable, only a clinical trial in humans can determine its clinical safety.
In summary, we report here for the first time to our knowledge that T cells can be genetically engineered to target HPV-16 E7 and that these engineered cells can mediate regression of HPV-16 + human cancers in an animal model. These findings provided the preclinical basis for an active clinical trial of E7 TCR T cells for patients with metastatic HPV + cancers. 
Methods
Tumor cell lines. Cell lines were cultured in RPMI-1640 or DMEM supplemented with 10 percent FBS (MilliporeSigma), GlutaMAX (Life Technologies), 100 U/ml penicillin (Life Technologies), and 100 μg/ml streptomycin (Life Technologies). CaSki, SiHa, T2, 293, and Panc-1 cell lines were purchased from ATCC. SNU-1160 was purchased from the Korean Cell Bank. SCC90 and SCC152 were purchased from the University of Pittsburgh. The 4050 cell line is an HPV-16 + HLA-A*02:01 + squamous cell cervical cancer line that was generated in our laboratory from a lung metastasis. To generate this cell line, fresh tumor was implanted subcutaneously into NSG mice. Tumors that engrafted and grew were harvested, digested using GentleMACS (Miltenyi Biotec), and grown in IMDM supplemented with 10% FBS. Tumor cells that expanded in vitro expressed HPV16 E6 and E7, as shown by RT-PCR, displayed similar morphology to other cervical cancer cell lines, and tested negative for mycoplasma. The 3569 TC and 3664 TC cell lines are melanoma cell lines generated previously by the Surgery Branch of the National Cancer Institute. The 624-E6 and 624-E7 cell lines are 624 melanoma cell lines with stable expression of HPV-16 E6 or E7, respectively (38) . 293-E7 and 293-A2-E7 cell lines are 293-based cell lines that stably express HPV-16 E7 or HPV-16 E7 and HLA-A*02:01, respectively. They were generated by retroviral transduction with an MSGV2 vector encoding HPV-16 E7 (Gene Oracle). 293-A2 cell lines were generated by the Surgery Branch of the National Cancer Institute (52) . The 526-CIITA cell line is a melanoma cell line with stable expression of the class II MHC complex transactivator. All tumor cells lines used in these experiments tested negative for mycoplasma. The identity of the lines was confirmed by HPV-16 E6 and E7 RT-PCR and by morphology and growth characteristics.
HPV E6 and E7 reactivity assay. CILs were tested for HPV-16 oncoprotein reactivity as described previously (36) . Briefly, target cells were autologous monocyte-derived dendritic cells loaded with pools of overlapping peptides that spanned E6, E7, or a negative control (gp100) (Miltenyi Biotec). The peptide pools were composed of 15-mers that overlapped by 11 amino acids. Effector cells were CILs that were isolated as described previously (54) and then expanded with a rapid expansion protocol (55) . The "E6 Cntrl" expressed a B35-restricted TCR against HPV-16 E6, and the "E7 Cntrl" expressed a DRB1*04-restricted TCR against HPV-16 E7. The readout for reactivity was the concentration of IFN-γ in the supernatants following overnight coculture.
TCR isolation and sequencing. 5048 CILs were labeled with PE-conjugated E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] -HLA-A*02:01 p-MHC tetramers (NIH Tetramer Core Facility at Emory University). Tetramer-binding cells were selected with anti-PE microbeads (Miltenyi Biotec) and cloned with limited dilution cloning. Following 2 weeks of clonal outgrowth, T cell clones were screened for tetramer binding by flow cytometry. A clone with strong tetramer binding was identified by flow cytometry; RNA was isolated (Qiagen RNeasy Kit), and cDNA was synthesized (Clontech SMARTer RACE cDNA Amplification Kit). TCR α and β chain cDNA were amplified by 5′ RACE (Clontech Advantage 2 PCR Kit) with primers specific for the TCR α chain (5′-GCCACAGCACT-GTTGCTCTTGAAGTCC-3′) and TCR β chain (5′-CAGGCAGTATCTGGAGTCATTGAG-3′) constant regions. The 5′RACE products were gel purified (Zymo Research) and sequenced (Macrogen).
TCR retroviral constructs and T cell transductions. TCR nucleotide sequences were synthesized and cloned into the MSGV1 retrovirus backbone, which has been used extensively in clinical trials (Gene Oracle). The insert sequence was codon optimized for expression in human tissues. The human TCR constant regions were exchanged for mouse TCR constant regions. For constructs with an additional interchain disulfide bond, cysteine was substituted in place of Thr48 of the α chain and Ser57 of the β chain (44 (45) . A furin P2A linker was used to connect the TCR α and β chains in all constructs. The sequence of the fully optimized E7 TCR construct is provided in Supplemental Figure 1 .
Human peripheral blood mononuclear cells (PBMCs) were isolated from the buffy coats. Before transduction, PBMCs were cultured in T cell media plus 50 ng/ml anti-CD3 antibody (OKT3, Miltenyi Biotec) for 2 days. E7 TCR retroviral supernatants were generated by cotransfection of 293GP cells with E7 TCR MSGV1 vector and RD114 plasmid. Two days after transfection, E7 TCR retroviral supernatants were harvested. Transductions were performed on RetroNectin-coated plates (Takara) as described previously (56) .
Flow cytometry. Cells were labeled with FITC-, PE-, PE-Cy7-, or APC-H7-conjugated antibodies against CD3, CD4, CD8 (BD Biosciences), or mouse TCR-β (clone H5-597, eBioscience). E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] -HLA-A*02:01 and E6 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] -HLA-A*02:01 monomers were provided by the NIH Tetramer Core Facility, and tetramers were assembled and labeled according to the NIH Tetramer Core Facility protocol. Data were acquired with a BD FACSCanto II flow cytometer (BD Biosciences) and analyzed with FlowJo software (FlowJo).
T cell functional assays. For cytokine production assays, 5 × 10 4 or 1 × 10 5 T cells were cocultured with an equal number of target cells in 96-well U-bottom plates. For MHC molecule blocking assays, 50 μg/ml anti-MHC I (W6/32, ATCC) or anti-MHC II (HB145, ATCC) antibodies were added to coculture wells, respectively. Reactivity against E6 or E7 HLA-A*02:01-restricted peptides was determined by pulsing T2 or 293-A2 cells with peptide (1 μM, or as indicated in figures) for 2 hours prior to coculture. Coculture supernatants were harvested after 18-24 hours, and IFN-γ or TNF-α concentration was measured by ELISA (Thermo Scientific). Cytotoxicity assays were performed by coculture of T cells with target cells at the indicated effector-to-target ratios as described previously (46) . Briefly, 1 × 10 4 target cells per well were seeded and cultured overnight, and then effector T cells were added at the indicated ratios. Target cell lysis was evaluated with the xCELLigence Real-Time Cell Analyzer (ACEA Biosciences), which assessed electrical impedance due to the adherent cells in each well every 15 minutes until the end of the experiment. The data were processed using the xCELLigence RTCA software package (version 2.0), and the results are reported as a cell index value, which was normalized to 1 at the time when T cells were added. For functional assays comparing the E6 and E7 TCR, constructs for both TCRs used the β-α chain order, added constant region, disulfide bond, and the α chain hydrophobic substitutions. Transduction efficiency was equalized between groups by magnetic bead separation based on murine constant region expression.
TCR ligand K off rate measurement. Up to 5 × 10 6 E6 or E7 TCR-transduced healthy donor PBMCs were stained for 45 minutes at 4°C with reversible streptamer consisting of Strep-Tactin APC (IBA) and Atto565-labeled HLA-A*02:01/E6 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] or E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] Strep-tagged monomers in the presence of irreversible BV421-labeled HLA-A*02:01/E6 [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] or E7 [11] [12] [13] [14] [15] [16] [17] [18] [19] MHC multimers in 50 μl FACS buffer (PBS supplemented with 0.5% BSA, EDTA, 0.09% NaN 3 ). Anti-human CD4 AF700 (BD Bioscience) and live/dead stain near IR (Life Technologies) were added during the last 15 minutes before washing and resuspension in 200 μl cold FACS buffer. About 1 × 10 5 stained cells were diluted in 500 μl FACS buffer at room temperature and acquired on a BD LSR Fortessa under constant cooling to 20°C (Peltier cooler from Qtools). After 30 seconds of acquisition, 500 μl of 2 mM biotin were added, and the MHC monomer Atto565 fluorescence intensities of CD4 -, MHC multimer BV421 + , live/dead IR stain -lymphocytes were monitored for a total of 10 minutes. Each dissociation was exported as a FCS file for analysis using the same gating strategy to extract the Strep-Tactin APC and MHC monomer Atto565 geometric mean fluorescence intensities (MFIs) every 7-8 seconds with the kinetic tool in FlowJo 10.0 software. Extracted MFI values were plotted against the time points to fit an exponential decay curve into the Strep-Tactin APC MFI values after the addition of biotin (approximately 40-50 seconds after acquisition). The calculated APC dissociation t 1/2 time was used to estimate the starting point for exponential decay fitting into the MHC monomer Atto565 MFI values to calculate TCR ligand t 1/2 times of each dissociation experiment as described previously (49, 50) .
Treatment of established tumors in a murine model. Animal research protocols were approved by the NIH Animal Care and Use Committee. NSG mice (The Jackson Laboratory) with established human cervical cancer tumors were treated by tail vein injection of human T cells. Tumors were initiated by subcutaneous injection of 1 × 10 6 CaSki or 4050 tumor cells on the flank or abdomen. Tumor treatment was on day 12 following tumor cell injection and consisted of a single intravenous injection of T cells (either E7 TCR T cells or untransduced T cells). Some mice received adjuvant IL-2 (aldesleukin, Prometheus Laboratory Inc.) 198,000 IU by intraperitoneal injection daily for 3 days beginning immediately after T cell injection. Tumor size was determined by caliper measurement of the perpendicular diameters of each tumor and is reported as tumor area.
Statistics. Statistical analyses were performed with Prism 7 (GraphPad Software). A 2-way ANOVA repeated-measures test was used to calculate the statistical significance of the differences in the functional avidity between E7 TCR and E6 TCR. The differences in the production of IFN-γ by E7 TCR T cells versus E6 TCR T cells in coculture assays with tumor lines was assessed with 2-way ANOVA multiple comparisons tests. Differences in tumor curves in mouse experiments were determined by 2-way ANOVA repeated-measures multiple comparisons tests. A 2-tailed unpaired t test was used to compare the K off rate between E7 TCR T cells and E6 TCR T cells. A P value of less than 0.05 was considered significant. 
